Objective-To examine the eVects of precooling skin and core temperature on a 70 second cycling power test performed in a warm and humid environment (29°C, 80% relative humidity). Methods-Thirteen male national and international level representative cyclists (mean (SD) age 24.1 (4.1) years; height 181.5 (6.2) cm; weight 75.5 (6.4) kg; maximal oxygen uptake (Ṽ O 2peak ) 66.1 (7.0) ml/kg/min) were tested in random order after either 30 minutes of precooling using cold water immersion or under control conditions (no precooling). Tests were separated by a minimum of two days. The protocol consisted of a 10 minute warm up at 60% of Ṽ O 2peak followed by three minutes of stretching. This was immediately followed by the 70 second power test which was performed on a standard road bicycle equipped with 172.5 mm powermeter cranks and mounted on a stationary ergometer. Results-Mean power output for the 70 second performance test after precooling was significantly (p<0.005) increased by 3.3 (2.7)% from 581 (57) W to 603 (60) W. Precooling also significantly (p<0.05) decreased core, mean body, and upper and lower body skin temperature; however, by the start of the performance test, lower body skin temperature was no diVerent from control. After precooling, heart rate was also significantly lower than control throughout the warm up (p<0.05). Ratings of perceived exertion were significantly higher than the control condition at the start of the warm up after precooling, but lower than the control condition by the end of the warm up (p<0.05). No diVerences in blood lactate concentration were detected between conditions. Conclusions-Precooling improves short term cycling performance, possibly by initiating skin vasoconstriction which may increase blood availability to the working muscles. Future research is required to determine the physiological basis for the ergogenic eVects of precooling on high intensity exercise. (Br J Sports Med 1999;33:393-397) 
Previous research has indicated that lowering body temperature before exercise (precooling) can be beneficial to endurance performance in the heat. 1−4 No research, however, has been reported on the eVects of precooling for shorter more intense events. This is probably because of the minor role thermoregulation plays during these types of event.
Human movement is at best 25% energy eYcient, with most of the balance of energy dissipated as heat. During exercise, surplus heat may be dispersed by redistributing a proportion of the available blood to the periphery for cooling. As exercise continues and the thermoregulatory demands of the body increase, blood supply to the working muscles is balanced by an increased blood supply to the skin for cooling. 5 Precooling may be of benefit to athletes competing in shorter sprint type events because a reduction in systemic and local temperature (as occurs with precooling) initiates vasoconstriction at the skin, 6 which may increase central blood volume. An increase in central blood volume may increase blood flow to the working muscles, which may 7 or may not 8 9 be compromised during exercise in the heat. Increased blood delivery to the working muscles may act to increase oxygen delivery and removal of metabolic byproducts. In addition, cold exposure increases the level of circulating catecholamines, 10 11 which may prove beneficial to high intensity exercise performance.
The purpose of this experiment was to measure the eVect of upper body precooling on a 70 second cycling power test performed in a warm and humid environment (29°C, 80% relative humidity). This test was designed to simulate the 1000 m time trial or "kilo" in track cycling. It was hypothesised that mean power output during the performance test would be improved after precooling.
Methods

SUBJECTS AND DESIGN
Thirteen male national and international level representative cyclists (mean (SD) age 24.1 (4.1) years; height 181.5 (6.2) cm; weight 75.5 (6.4) kg; peak O 2 uptake (Ṽ O 2peak ) 66.1 (7.0) ml/kg/min) volunteered as subjects for this study after being informed of the possible risks associated with the procedures and signing a letter of informed consent. This study was approved by the Otago Southern Regional Health Authority ethics review board. A repeated measures experimental design was used, with each subject completing two performance tests in a random balanced order after either no precooling (warm) or precooling (cool). Tests were performed at about the same time of the day, a minimum of two and a maximum of 10 days apart. Mean power output over a 70 second performance test was used as a measure of cycling performance. The 70 second time frame was chosen to simulate the 1000 m time trial performed in track cycling as this was an estimate of completion time for the level of cyclists participating in this study. Subjects were instructed to refrain from vigorous physical activity or use of any substances (caVeine and alcohol were specified) known to alter performance for a 24 hour period before testing. Cyclists were dressed in cycling shorts and shoes throughout the experiment. Environmental chamber temperature was 29°C and relative humidity 80%.
Before each performance test, cyclists performed a normal warm up (10 minutes at 60% of Ṽ O 2peak ) or were precooled before the warm up. There was a 10 minute time lag between the precooling procedure and the warm up to allow the subjects to dress and transfer to the environmental chamber. Immediately after the warm up and before the performance test, cyclists stretched for three minutes then were seated on the bicycle and given a 30 second countdown to the start of the test. The subjects completed all warm up and stretches in the same environment as the performance test (29°C and 80% relative humidity). Throughout the performance test, strong encouragement was provided.
Cyclists were tested on a standard road bicycle equipped with 172.5 mm Schoberer Rad Mebtechnik (SRM) powermeter cranks (professional model; Schoberer Rad Mebtechnik, Julich, Germany) and mounted on a wind/ mechanically braked cyclosimulator (CS-1000 model; Cateye, Osaka, Japan). The SRM system measures force produced during pedalling using four strain gauge strips built into the chain ring of the bicycle. When combined with pedalling cadence, it provides on line measures of power output and has a coeYcient of variation of 2.5%. Saddle and stem height of the bicycle were self selected and a fixed gear of 51:15 was used to simulate a track bike.
PRECOOLING
Cold water immersion was used as the method of precooling. Subjects wore swimming trunks and lay in a water bath with an initial water temperature set to 18°C. To try to maintain the normal temperature of the major muscles involved in cycling, the legs were removed from the water so that only the torso was immersed. After five minutes, crushed ice was introduced to the bath and water temperature was lowered to between 12 and 14°C. Adequate precooling was considered achieved when either rectal temperature was lowered by 0.3°C from the starting temperature or water immersion had lasted 30 minutes. Warm up was commenced 10 minutes after precooling to allow time for each subject to dry oV, dress, and transfer to the environmental chamber.
THERMOREGULATORY MONITORING Throughout the experiment, core temperature was monitored using a rectal thermistor, inserted to a depth of 11 cm past the anal sphincter. Conventional flat copper skin thermistors (Grant, Cambridge, UK) were used to monitor skin temperature at four sites. The sites monitored were: bicep, attached at the midline of the anterior aspect of the left arm at a point midway between the acromion process and the olecranon process; chest, a point 1 cm inferior to the right axilla, along a line running to the anterior fold to the nipple; thigh, the midline of the left anterior thigh midway between the inguinal crease and the proximal border of the patella; calf, the midline of the medial aspect of the lower right leg at the level of maximal calf girth. All thermistors (rectal and skin) were calibrated in a thermostatically controlled water bath against a −5 to 105°C criterion thermometer and connected to a recording telethermometer (Grant 1200 Squirrel Logger).
Mean skin temperature was determined by Ramanathan's formula, 12 and unweighted averages were used to calculate upper (chest and bicep) and lower body (quadriceps and calf) skin temperature. Mean body temperature was determined from rectal and mean skin temperature using Burton's weighted formula. 13 
PHYSIOLOGICAL MONITORING
Fingerprick blood samples were collected in 20 µl heparinised capillary tubes at rest immediately before the warm up, in the last minute of the 10 minute warm up, and immediately after completion of the 70 second power test. These blood samples were immediately analysed for lactate concentration using an automated lactate analyser (YSI, Yellow Springs, Ohio, USA). Ratings of perceived exertion were measured using the Borg scale 14 during the warm up at 30 seconds, five minutes, and at 9.5 minutes. Heart rate was measured telemetrically (Sports tester PE 3000, Polar Electro, Kempele, Finland) and recorded every minute throughout the experiment.
STATISTICAL ANALYSIS
The SPSS statistical package (release 6.1) was used for statistical analysis. Means (SD) were used to express all data. A paired t test was conducted to examine any diVerences in mean power output between the two conditions. A two way analysis of variance with repeated measures on two factors (treatment (cool or warm) and time) was performed to determine if main or interaction eVects were present for all thermoregulatory and physiological variables. If significant eVects were present, post hoc comparisons were made using paired t tests. Significance was set at p<0.05 except for when multiple post hoc comparisons were made. In these cases the p value was adjusted using the Bonferroni procedure in order to protect against inflation.
Results
Core temperature was significantly lower (p<0.05) after precooling (36.9 (0.4)°C) than before (37.2 (0.4)°C). Although heart rate and blood lactate concentration respectively appeared slightly higher after precooling (67 (18) bpm and 1.7 (0.6) mmol/l) than before (64 (12) bpm and 1.5 (0.5) mmol/l), the diVerences were not significant. Analysis of variance and post hoc comparisons indicated significantly lower temperatures after precooling at all time points compared for core, mean body, and upper body skin temperatures (figs 1A,B and 2A). Mean lower body skin temperatures were also significantly lower after precooling during the warm up (0, 5, and 10 minutes) but no diVerences were observed after the warm up, during the stretch and performance test (fig 2B) .
Heart rate was significantly lower at five and 10 minutes of the warm up after precooling but not diVerent during the power test (fig 3) . Conversely, at the start of the warm up, the rating of perceived exertion was significantly higher after precooling, but by five minutes there were no diVerences between conditions, and by 10 minutes it was significantly lower for the precooled condition ( fig 4) . As expected, blood lactate concentration significantly increased over the course of the performance test, but there was no diVerence between precooling or control conditions ( fig 5) . Mean Heart rate (bpm) 
Figure 1 Mean (SD) rectal (A) and mean body (B) temperature throughout the warm up, stretch period, and performance test for warm and cool conditions (n = 13). S1, S2, and S3 indicate minutes 1 to 3 of the stretch period, and K and E indicate the start and end of the
Figure 2 Mean (SD) upper body (A) and lower body (B) skin temperature throughout the warm up, stretch period, and performance test for warm and cool conditions (n = 13). S1, S2, and S3 indicate minutes 1 to 3 of the stretch period, and K and E indicate the start and end of
Discussion
Previous studies have indicated that precooling can be beneficial to endurance exercise, 1−4 15 but this is the first study to report that precooling can enhance short term high intensity exercise. Precooling lowered core and skin temperature, which in turn probably decreased the need for blood at the skin.
Although no direct blood flow measurements were taken in this study, blood flow is related to local skin temperature, 16 and there were large decreases in local skin temperatures. It has previously been suggested that during exercise in the heat, decreased peripheral blood flow as a result of precooling may increase central blood volume and enhance blood delivery to the working muscles. 2 In support of this notion, heart rate during the warm up after precooling was decreased which may suggest increased central blood volume. This decrease in heart rate has also been reported in previous precooling experiments. 3 17 18 Although heart rate was not diVerent during the performance test between conditions, more work was completed in the precooling condition, and this may have masked any possible diVerences.
An increase in central blood volume may be potentially beneficial to maximal exercise performance. Under conditions of maximal exercise, if a greater central blood volume leads to greater blood availability to the muscle, this would enhance oxygen delivery, resulting in a greater contribution of the aerobic system to energy supply for any given power output. It may also increase the clearance of metabolic byproducts, such as lactate, from the muscle. With greater lactate clearance from the muscle, one may expect higher blood lactate concentrations, but in this experiment no diVerences in blood lactate concentrations between the two conditions were detected. The reason for this is not clear, but it may be due to several factors. Firstly, increased blood flow to the working muscle may increase the contribution of aerobic metabolism to energy supply and decrease blood lactate accumulation. Secondly, although a higher muscle blood flow may favour an increased rate of lactate removal through increased pH gradients, the increase in the absolute amount of lactate in the blood may be quite transient, as lactate can be rapidly oxidised 19 and peak lactate is known to have a high coeYcient of variation, 20 as it is influenced by numerous factors.
It is generally accepted that cooling the muscle results in changes that may impair short term muscular performance. 21−23 However, recent studies suggest that these impairments in muscle function last less than 20 minutes and disappear with moderate exercise. 24 With this in mind, care was taken in this experiment not to cool the leg muscles. In addition, performance testing did not take place until 20 minutes after precooling, a period that included a 10 minute warm up. Despite cooling of only the upper body, lower body skin temperature did fall, probably as blood reperfused previously hypoperfused colder superficial and peripheral tissue. 25 26 Lower body skin temperature was significantly cooler after precooling at the beginning of the warm up phase; however, these diVerences were not significant by the end of the warm up. Although muscle temperature was not measured, it is notable that no differences in lower body skin temperature existed between the two conditions by the time of the performance test. If there was an overall reduction in lower body temperature, it may have been detrimental to performance, considering the Q 10 eVect on muscle enzymes and the effect of temperature on contractile characteristics of muscle. 27−29 Finally, the ratings of perceived exertion may have also influenced performance. Notably, subjects felt worse at the beginning of the warm up after precooling probably because of cold skin, but felt significantly better by the end of the warm up as the working leg muscles and skin warmed up while the rest of the body stayed cool. Even though the subjects were not informed of any potential benefits of precooling, the lower perceived exertion immediately before the performance test may have exerted a placebo eVect, which has been recently reported to be in the range of a 2% performance enhancement in elite athletes. 
